The volatile components of the peel of trifoliate orange {Poncirus trifoliata (L.) Raf.}, family Rutaceae, were investigated using SAFE technique after solvent extraction. Limonene was the most abundant component in the peel aroma extract, followed by myrcene, trans-β-ocimene, indole, β-caryophyllene, (3E,6E)-α-farnesene, germacrene D, and β-phellandrene. In this study, the single sulfur-and nitrogen-containing compound, 4-methyl-5-vinylthiazole, and two macrocyclic lactones, cyclododecanolide and (7Z,10Z,13Z)-hexadecatrien-16-olide, were identified as citrus aroma components for the first time. As a result of AEDA for the polar fraction of the aroma extract, indole, ethyl octanoate and those macrocyclic lactones with musky notes were found to be responsible for the characteristic aroma profile of the peel of trifoliate orange. The enantiomeric distributions of the four odor-active components, linalool, β-citronellol, ethyl 2-methylbutanoate, and 2-methylbutanoic acid, were also determined by means of multidimensional chiral GC/MS.
Trifoliate orange (Poncirus trifoliata), which originated in the Yangtze River upper basin area, is widely distributed throughout China [1] . It is a member of the family Rutaceae, and closely related to the genus Citrus, but easily hybridizes with it, and a variety of hybrids have been produced. The finely downy fruit exhibits pure yellow at maturity, but is not suitable for eating because of having many seeds and a strong acidity and bitterness. This fruit has such a unique aroma of strong waxy with orange-like sweetness, yuzu-like aroma, and passion fruit-like note, that its uses for fragrance applications like cosmetics could be expected.
In this study, the volatile components of the peel of trifoliate orange were investigated according to the same procedure described in the previous report [2] . At first, the aroma extract was prepared by SAFE (Solvent Assisted Flavor Evaporation) following solvent extraction, and then the polar components of the extract were fractionated in the search for the odor-active components by AEDA (Aroma Extract Dilution Analysis). Finally, the enantiomeric distribution of the odor-active components was determined by means of multidimensional (MD) chiral GC/MS. As a result of GC/MS analysis, 231 compounds were identified from the peel aroma extract. Limonene (47.5%) was the most abundant, followed by myrcene (20.1%), trans-β-ocimene (11.6%), indole (3.9%), β-caryophyllene (2.5%), (3E,6E)-α-farnesene (1.7%), germacrene D (1.6%), and β-phellandrene (1.4%). Monoterpene hydrocarbons accounted for 90.9% of the total. The levels of myrcene and indole were notably higher compared with true citrus. Then, 4-methyl-5-vinylthiazole, with a nutty and musty note, and reported to occur in yellow passion fruit [3] , was identified as a trace component of citrus aroma for the first time. Besides, the single sulfur-containing compound, 3-mercaptohexyl acetate, and 11 nitrogen-containing compounds, including acetaldoxime, phenylacetonitril, 2-nitro-1-phenylethane, (E)-phenylacetaldehyde oxime, methyl N-methylanthranilate, N-methylanthranilate, and ethyl N-methylanthranilate, oxindole, were identified from the aroma extract.
Starkenmann et al. reported that several sulfur-containing compounds, such as 3-methyl-3-sulfanylbutan-1-ol, 3sulfanylhexan-1-ol, 3-mercaptohexanol and their esters were the characteristic odorants of this fruit [4] . However, none of these sulfur-containing compounds, except 3-mercaptohexyl acetate, were identified in the present study. In addition to the producing area, the ripening stage of their fruits might be different from those used in our study.
The characteristic aroma was retained in the polar fraction after removal of hydrocarbons from the peel aroma extract using silica gel solid phase extraction cartridges. A total of 259 compounds were identified and quantified by GC/MS analysis. Surprisingly, indole (36.4%) was the most abundant in this fraction, followed by phenylacetaldoxime methyl ether (8.0%), ethyl hexanoate (5.7%), linalool (4.1%), hexyl acetate (2.8%), (Z)-dodec-9-en-12-olide (yuzu lactone) (2.6%), (3Z)-hex-3-en-1-yl acetate (2.6%), βcitronellol (2.5%), ethyl octanoate (1.9%), butyl butanoate (1.7%), hexanoic acid (1.6%), and (E)-hex-2-enal (1.5%). In addition, three macrocyclic lactones, (Z)-yuzu lactone, cyclohexadecanolide, and cyclohexadecen-7-olide (ambrettolide), were identified in trace amounts. Furthermore, cyclododecanolide and (7Z,10Z,13Z)hexadecatrien-16-olide, identified from passion fruits in 2011 for the first time [5] , were newly identified as citrus aroma components.
The odor-active components of the polar fraction of the peel of trifoliate orange were revealed by means of AEDA. As a result, indole, possessing a jasmine-like musty note, showed the highest FD factor of 4 8 . Then, linalool with a floral and green note, (2E)-trans-4,5-epoxydec-2-en-1-al with a metallic and waxy note, and eugenol with a spicy note showed FD factors of 4 7 , followed by ethyl octanoate and (2E,7Z)-trans-4,5-epoxy-2,7-decadienal with FD factors of 4 6 . Among them, both indole and ethyl octanoate were strongly responsible for the characteristic aroma profile of the peel of trifoliate orange. Among the macrocyclic lactones having musky notes, (7Z,10Z,13Z)-hexadecatrien-16-olide showed a FD factor of 4 3 , followed by cyclohexadecanolide and cyclohexadecen-7-olide with FD factors of 4 2 . Hence, it was confirmed that these macrocyclic lactones contributed to the unique aroma of this fruit as well.
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Finally, the enantiomeric distribution of the important odor-active components, linalool, β-citronellol, ethyl 2-methylbutanoate, and 2methylbutanoic acid, was determined using MDGC/MS. Regarding linalool, with a FD factor of 4 7 , the (R)-enantiomer was dominant at an enantiomeric excess of 29%ee. According to another work [6] , (3R)-linalool has a woody and lavender-like aroma with a perceptional threshold of 0.8 ppb, whereas (3S)-linalool has a fruity and petitgrain-like aroma with that of 7.4 ppb. Considering the perceptional threshold of each enantiomer, it was found that (R)-linalool would contribute even more to the characteristic aroma of the peel. As for β-citronellol, with a FD factor of 4 4 , the (R)-enantiomer, with a slightly oily rosy note [7] , was found to be prominent at 89%ee. Besides, (S)-ethyl 2-methylbutanoate, with a FD factor of 4 5 , and (S)-2-methylbutanoic acid, with a FD factor of 4 4 , were predominant at 84%ee and 89%ee, respectively.
In conclusion, the characteristic volatile components of the peel of trifoliate orange were clarified by a combination of GC/MS analyses and AEDA. The enantiomeric distribution of the odor active components was also determined by MDGC/MS. These analytical findings give precious knowledge for the creation of a flavor close to that of the natural aroma.
Experimental
Peel aroma extract: Trifoliate orange fruits were collected in October 2013 in Tokushima Bunri University botanical garden. The fruits were washed with water, dried on the surface, and then the peel was sliced with a peeler. Sliced peel (18 g) was immersed in 90 mL of solvent mixture (n-pentane/diethyl ether = 2/1 by volume) and left in the shade overnight. The solvent extract was then dried over anhydrous sodium sulfate, and the volatile components were collected by SAFE at 60°C in vacuo (2 × 10 -4 Pa), followed by concentration using a Kuderna-Danish condenser. The yield of volatile components from the peel was 0.57% by weight.
Preparation of polar fraction of aroma extract:
Two hundred μL of the peel aroma extract was added to 20 mL of 10 μg/mL n-pentane solution of diethyl phthalate as an internal standard. The solution was applied to two successive silica gel solid phase extraction cartridges (InertSep SlimJ Si, GL Sciences Inc., Tokyo, Japan). The hydrocarbons were eluted with 15 mL of n-pentane, and then the polar fraction was eluted and collected with 10 mL of diethyl ether. This fraction was concentrated with a nitrogen stream at ambient temperature. GC/FID: GC/FID analyses were carried out on a 7890A GC System (Agilent Technologies, California, USA) with a backflash element equipped with a BC-WAX column (50 m × 0.25 mm i.d., film thickness of 0.15 μm, GL Sciences). The injector and flame ionization detector temperatures were both kept at 250°C. The carrier gas was helium with a constant pressure of 250 kPa. The oven temperature program was set from 70°C to 220°C at a rate of 4°C/min. GC/MS: GC/MS analyses were performed using a GCMS-QP2010 Ultra (Shimadzu Co., Kyoto, Japan) equipped with a BC-WAX column (50 m × 0.25 mm i.d., film thickness of 0.15 μm). Electron impact ionization was employed for the mass spectrometry at an ionization energy of 70 eV in scan mode. The injector and ion source temperatures were set at 230°C and 200°C, respectively. The carrier gas was helium with a constant pressure held at 110 kPa. The oven temperature program was the same as described for GC/FID. Identification of each component was made by comparing and matching the retention time and the mass spectrum with those of the authentic chemical.
AEDA:
The polar fraction was stepwise 4-fold diluted with ethyl acetate until the sniffers could not detect any significant odor in a run. The highest dilution at which an individual component could be detected was defined as the FD factor for the odorant. Each GC/olfactometry was performed under the same conditions as GC/FID.
Study of enantiomeric distribution:
Enantioselective analyses were performed using a MDGC/GCMS-2010 (Shimadzu). With this system, a heart-cut of the relevant fractions can be made and transferred from the first polar column to the second chiral one. The first oven was equipped with an InertCap Pure-WAX column (30 m × 0.25 mm i.d., film thickness of 0.25 μm, GL Sciences). The injector and flame ionization detector temperatures were set at 250°C. The carrier gas was helium with a constant pressure held at 180 kPa. The oven temperature was programmed from 70°C to 230°C at 5°C/min. For linalool and β-citronellol, the second oven was equipped with a β-DEX 225 column (30 m × 0.25 mm i.d., film thickness of 0.25 μm, Supelco Inc., Pennsylvania, USA) and the oven temperature was programmed from 70°C to 90°C at 0.2 °C/min. For ethyl 2-methylbutanoate and 2-methylbutanoic acid, the second oven was equipped with a β-DEX 325 column (30 m × 0.25 mm i.d., film thickness of 0.25 μm, Supelco) and the oven temperature was raised from 60°C to 80°C at 0.2°C/min. Electron impact ionization was employed for the mass spectrometry at an ionization energy of 70 eV in scan mode.
